International trade in animals and their products is recognised as a primary determinant of the global epidemiology of transboundary diseases such as foot and mouth disease (FMD). As well as causing serious production losses, FMD is highly contagious, being transmitted through multiple routes and hosts, which makes it one of the most important diseases affecting trade in livestock. Its occurrence has dramatic consequences for the agricultural economy of a normally disease-free country, as well as for the livelihoods and income generation of developing countries where the disease continues to be endemic. In the dynamic of FMD virus (FMDV) dispersal across the globe, phylogenetic inference from molecular sequences of isolated viruses makes a significant contribution to investigating the evolutionary and spatial pathways underlying the source of FMD epidemics. Matching data on livestock movement with molecular epidemiology can enhance our fundamental understanding when reconstructing the spread of the virus between geographical regions, which is essential for the development of FMD control strategies worldwide. This paper reviews the global situation of FMD in the last ten years, combining phylogenetic insights with information on livestock production systems and international trade to analyse the epidemiological dynamics of FMD and the sources of FMDV introductions at a regional level in sub-Saharan Africa, the Middle East and Southeast Asia.
Introduction
Foot and mouth disease (FMD) is the most contagious disease of domesticated and wild cloven-hoofed animals, caused by a virus of the Aphthovirus genus in the Picornaviridae family. Foot and mouth disease virus (FMDV) exists as seven different serotypes (O, A, C, Southern African Territories [SAT] 1, SAT 2, SAT 3 and Asia 1), which are not uniformly distributed across the globe. The FMDV infection is maintained within three continental epidemiological clusters in Africa, Asia and South America that can be further subdivided into seven major virus pools ( Fig. 1) (52) . Multiple serotypes cocirculate and distinct patterns of virus evolution occur within each of the defined pools. Six out of the seven serotypes have been recorded in Africa (O, A, C, SAT 1, SAT 2, SAT 3), while in the Middle East and Asia only four serotypes (O, A, C, Asia 1) are normally present, although there have been periodic incursions of exotic serotypes Rev. sci. tech. Off. int. Epiz., 30 (1) Only three topotypes each have been defined for serotypes A and C: namely, Africa, Asia and EURO-SA, while all Asia 1 viruses fall into a single unnamed topotype (Fig. 3) . In Africa, the situation is more complex with 9, 14 and 5 topotypes being defined for SAT 1, SAT 2 and SAT 3, respectively; these are currently simply numbered, but more descriptive names have recently been proposed (40) .
Although FMD does not usually cause high mortality in susceptible animals, it decreases productivity, which in turn significantly affects farmers' livelihoods. Since livestock are highly important in the agriculture-based economy and social structure of many countries, FMD has a serious impact on food security, rural income generation, and the national economy by impairing livestock trade (27) . Transmission of FMDV most readily occurs during direct contact between acutely infected and susceptible animals, often following movement of infected animals. Indirect transmission is less common but can be effected through contaminated people or objects, especially through the consumption of contaminated animal products, such as meat, offal or milk, which may be fed to pigs or calves. Primary infection of ruminants is usually by the respiratory route, whereas pigs are more often infected by the oral route (15) . Consequently, if the index case cannot be attributed to the movement of infected animals, then in pigs the most probable source is an infected animal from Africa into the Middle East. The FMDV serotypes have been subdivided into groups based on genetic distances in the virus protein 1-(VP1-) coding region (36, 56) . These groups have been named 'topotypes' since they usually occur in defined geographic regions (56) . The arbitrary cut-off for the division of these topotypes has been set at ~15% or ~20% nucleotide difference for the Eurasian and Southern African serotypes, respectively (56) .
In some cases, within the topotypes, further subdivisions have been made, with named sub-lineages and even subsub-lineages, e.g. O/ME-SA/PanAsia-2 . Eleven topotypes have been defined for serotype O (Fig. 2) , namely: -Cathay -East Africa (EA) 1 -EA-2 -EA-3 -EA-4 -Europe-South America (EURO-SA) -Indonesia (ISA) 1 -ISA-2 -Middle East-South Asia (ME-SA) -Southeast Asia (SEA) -West Africa (WA). Rev. sci. tech. Off. int. Epiz., 30 (1) product which has found its way into their feed. In contrast, if the index case is in ruminants, then fomite transfer is more likely, e.g. via people or plant-based fodder (61) . Within endemic regions, movements of both animals and their products can be important causes of the spread of FMDV, whereas for introductions of FMD into previously infection-free countries the source of virus has frequently been attributed to feeding waste food to pigs, as in the 2001 outbreak in the United Kingdom (UK) (59) , or to other, less common causes of spread, such as virus escape from vaccines or laboratories or long-distance airborne dispersal of the virus (69) .
Therefore, movements of animals and animal products are the main risk factors involved in the cross-border spread of transboundary diseases such as FMD, especially in countries where such movements are poorly regulated. Several factors could be considered to determine the probability of entry of FMD viruses into countries through trade in livestock and animal products, such as the:
-prevalence of infection in the source country -volume of seasonal and trade-related movements (legal or otherwise) in animals and their products, which is highly influenced by price differentials -potential for transmission to susceptible animals in the importing country and probability of spread, detection and control within the country after virus introduction -survival capacity of the virus in animal products and in the environment and factors influencing this -role of wild animals as potential vectors for spread.
Considering the origin of a virus responsible for a new outbreak usually requires piecing together whatever evidence can be found and trying to trace the causative event involved. Knowledge of the livestock systems, animal movements, marketing structures and trade routes is essential in understanding the epidemiological patterns of FMD viruses spreading within and between regions. However, it is often not possible to determine the exact source of a particular introduction because of incomplete information, especially where undisclosed illegal practices are concerned. Although we are often dealing with insufficient information on outbreak sources, matching information on livestock movement and classical epidemiological data with phylogenetic analysis and molecular epidemiological data can provide crucial insights for assessing the trends of FMDV dispersal at regional and global levels. This review describes the information of this type that is available for three important regions of FMDV endemicity: sub-Saharan Africa, the Middle East and Southeast Asia.
Rev. sci. tech. Off. int. Epiz., 30 (1) 66 Livestock systems and foot and mouth disease distribution in sub-Saharan Africa
Marketing and livestock production in sub-Saharan Africa
The livestock sector is the mainstay of the socio-economic life for much of sub-Saharan Africa. Nomadic pastoralism, agro-pastoralism, settled mixed farming and urban stall feeding are the most practised forms of livestock farming. The evolution of an intra-and extra-regional trade in subSaharan Africa is mainly linked to the pastoral and agropastoral systems and is characterised by well-defined, extensive, seasonal, internal and cross-border livestock movements (4) . The cross-border trade is the most significant form of 'clean' trade in East Africa. It is generally concentrated along the boundaries of Kenya, Ethiopia, Somalia and Sudan, and is characterised by several main routes ( Fig. 4) : -eastern Ethiopia/Somaliland -south-eastern Ethiopia/north-eastern Kenya/southwestern Somalia -eastern Ethiopia/Central Somalia -Ethiopia/Djibouti border -eastern Sudan/eastern Ethiopia -south-western Sudan/north-eastern Kenya. About 10% of cross-border trade passes through official channels. Consequently, most of the intra-regional trade in livestock is unrecorded, but it is estimated that its value exceeds US$60 million (€45 million) per annum (47) . There are at least two ways in which the informal economy can be considered: the first is in terms of internal or domestic economic practices and the other is in regard to external trade. The latter, as reflected in unofficial crossborder trade, assumes considerable importance in the Horn of Africa, predominantly in Somalia (45) . The Horn of Africa region is the major livestock export market for the Arabian Peninsula and the Gulf States, driven by domestic demand in Yemen, Oman, the United Arab Emirates and Saudi Arabia, which account for approximately three million imported animals annually (Figs 5 and 6). Cattle, sheep and goats, either trekked or trucked from pastoralist areas in Sudan, Ethiopia, Kenya and Somalia to final markets, are shipped through the ports of Berbera, Bossaso, Port Djibouti and Port Sudan. In the first semester of 2010, the ports of Berbera and Bossaso alone exported 1,500,000 head of sheep and goats, and 128,000 head of cattle, which accounted for about 90% of all animal exports from the region (25) . This trade in live animals makes a considerable contribution to the regional economy in terms of export earnings. A large number of ruminants have been traditionally smuggled within the region. For instance, the bans on imports from Africa by the Gulf countries, following the Rift Valley fever (RVF) outbreaks in 1997 to 1998, 2000 and 2006 to 2007 (65) , have led to increased illegal livestock sales from Ethiopia through Somalia and Kenya and, to a lesser extent, through Sudan and Djibouti (64) .
Foot and mouth disease epidemiological patterns and history of infections in sub-Saharan Africa
Recently, Rweyemamu et al. (55) and Knowles (35) defined the epidemiological clusters of FMD in Africa based on prevalence data, serotype and topotype distribution, and expert opinions on animal movement, farming system and impact of wildlife. Two main clusters were identified for the sub-Saharan African region:
-the Horn of Africa, also called the Intergovernmental Authority on Development or IGAD cluster, comprising Djibouti, Eritrea, Ethiopia, Kenya, Somalia, Sudan and Uganda -the Great Lakes cluster, also known as the East African Community (EAC) or Southern-East Africa cluster, comprising Tanzania, Uganda, Kenya, Rwanda and Burundi.
Each of the above proposed clusters is characterised by a substantial diversity of circulating FMDV strains and topotypes. This diversity is directly linked to the complexity of the livestock system and the marketing structure, reflecting their significant influence on the dynamic epidemiology of FMD events in the region. All but the Asia 1 FMDV serotypes have been found circulating in sub-Saharan Africa during the 2000 to 2010 decade, while the last reported case of serotype C dates from 2004 in Kenya (Table I) , where a close genetic identity was found between the isolated virus and a local vaccine strain (39) . However, serological evidence of this serotype has been reported more recently in samples collected from cattle during a 2009 surveillance study in Eritrea (60) , aimed at investigating whether infections could have derived from resident or imported animals. Moreover, further evidence of antibodies against serotype C FMDV comes from analysis of sera collected Each of these areas exemplifies the marketing and farming system of the entire region in closed settings, which are mutually linked since the rangelands represent essentially similar ecological, ethnic and socio-economic contexts. Nevertheless, the cross-border livestock trade takes place not only as a result of better price offers than the home markets, but also because of proximity to cross-border 
SAT 2] (57), ascribing southern Africa as a likely source of virus introduction into eastern Africa. Therefore, such an ecosystem provides the potential for FMD to create an endemic stability by viral circulation, not only through the congregation of multiple domestic flocks and herds in livestock markets sourced from different areas of the region, but also through contacts between domestic and wild ruminants. Livestock systems and foot and mouth disease distribution in the Middle East
Route of foot and mouth disease virus spread from sub-Saharan Africa

Marketing and livestock production in the Middle East
Livestock products contribute significantly to the diets of both rural and urban populations in the Middle East.
Owing to the arid and semi-arid ecosystems, a wide range of traditional management systems has evolved to optimise the use of resources. Many rely on movement, either nomadic pastoralism or seasonal transhumance, to winter and summer pastures. However, significant changes in livestock production have taken place in the last decade, mainly as a result of oil wealth, resulting in new systems of mechanised nomadism employing vehicles for supplying animal feed and water, and modern communication systems for identifying grazing areas (9) . Therefore, more extensive, opportunistic and erratic livestock movements are now the norm, especially in countries such as Jordan, Saudi Arabia, Syria and Iraq. In addition, the increasing demand for animal protein has shifted the livestock production system towards modern feedlots near urban centres, operating at a high productivity level but retaining their links to the pastoralist system. In the vast area of the Arabian Peninsula, the extensive pastoral and nomadic livestock populations are connected through a livestock trade system driven by demand from the Gulf States (Bahrain, Kuwait, Oman, Qatar, Saudi Arabia and the United Arab Emirates) (Fig. 7) , which collectively accounts for about 80% of the sheep, goat and cattle imports into the region ( 
Foot and mouth disease epidemiological patterns and history of infections in the Middle East
Foot and mouth disease is endemic and widespread among ruminants in the Middle East ( 
Foot and mouth disease transmission routes in the Middle East: the case of Turkey
In the dynamic epidemiology of FMD in the Middle East, Turkey, with its large indigenous ruminant population, constitutes a particular epidemiological cluster for the evolution of A- 
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Marketing systems and livestock production in Southeast Asia
Domestic livestock production of all species in Southeast Asia has been growing steadily over the last ten years and now provides 25% of the agricultural output value. In this sector, production is largely in the hands of smallholders, so that animals are located in village production systems and may be housed in simple pens or run free in the village. Therefore, livestock enterprises are very small, dealing with a range of animal species, including pigs, cattle, water buffalo (Bubalus bubalis) and chickens, and most of the livestock farming system forms an integral part of the agri-ecological sector. Mahadevan and Devendra (48) classified ruminant production systems in Southeast Asia and the Pacific into three categories: -the extensive system -systems combining arable cropping -systems integrated with tree cropping.
In this regard, buffalo and cattle serve a variety of purposes: they may be used for draught power, manure production and meat production or provide income if sold. Moreover, a semi-industrialised commercial sector exists, which is totally market-oriented and has grown very rapidly, along with the rest of the regional economy. As a result of recent improvements in political stability and growing liberalisation of economic policies, there has been an (Fig. 8 ) (50) . The direction of animal movements is dictated by the supply and demand of the marketplace and so can vary considerably, especially within countries (Table II) . Vietnam acts as the principal centre for pig exports through Laos to Thailand, Malaysia, Cambodia, and out of the region to Singapore and Hong Kong, while there are large movements of cattle from the northern provinces to the southern markets (especially to Ho Chi Minh City) (13) . Equally, Myanmar represents a major source of livestock to the Malaysia-Thailand zone, mainly supplied from its central region. Animal movement pathways show Myanmar livestock as widely distributed throughout the Southeast Asian mainland. Moreover, large numbers of cattle are imported into Myanmar from Bangladesh, which in turn receives up to two million head of cattle per year from Nepal and India as a result of insufficient domestic beef production, differences in market prices and religious practices.
Conversely, Thailand is the largest importing country of cattle and buffalo from Myanmar, Laos and Cambodia. The main trading route involves cattle moving within the country to the Bangkok market and towards the south to supply markets in Malaysia. Since the local supply of fresh meat cannot meet the demand for local consumption, Malaysia takes up a central position for the importation of livestock into the Myanmar-Thailand-Malaysia (MTM) peninsula, with around 80% of its imports of beef and buffalo meat originating from India (30) . Laos is considered a pathway for the movement of suckling pigs from Vietnam to Thailand, for large ruminants from Cambodia to Thailand (through the southern regions), and from the People' s Republic of China (hereafter referred to as China) to Thailand (through the north-western regions).
On the other hand, and depending on the time of the year and other market factors, pigs may enter into Cambodia from Vietnam and Thailand and move to the southern Vietnamese regions, while cattle reared in the north-east move on the hoof to markets either in Phnom Penh or towards Thailand.
In recent years, due to an increase in demand, uncharacteristic livestock movements have been taking place from China to the Southeast Asian countries, mainly involving the movement of pigs through Vietnam and large ruminants through Laos. Within the Southeast Asia market chain, livestock traders act at different levels: whereas small traders are involved in livestock trade within districts and provinces, large traders and livestock companies engage in cross-border trading. However, since many of the transboundary movements are unregulated, much of this trade is not officially acknowledged and therefore informal cross-border routes tend to prevail (77) . It is worth mentioning that livestock transporters travel rapidly across countries delivering 'transit' cattle, i.e. from Thailand to the Vietnamese border depots and vice versa. Transport operators have a poor understanding of how livestock diseases spread. Therefore, trucks are washed infrequently and disinfection is not attempted (13) , further increasing the dispersal of FMDV infection between and within countries of the Southeast Asia region. Malaysia is dependent on imports of live cattle and frozen beef to meet domestic demand and the principal livestock route moves southward through Thailand via Bangkok, where a large auction market exists, sourcing animals from different parts of the Southeast Asian region -principally, suckling pigs from Vietnam and buffalo and cattle from Myanmar. Within Myanmar, animals move from the north to the south, and large numbers of cattle cross the border to Thailand and travel on to Malaysia. Malaysian authorities recently reported that a shipment of 353 head of cattle imported from Thailand were sent back after they were detected as having clinical signs of FMD at the quarantine posts (53) . Serological surveys of animals imported into Thailand from Myanmar demonstrated that up to 70% had been previously exposed to the disease (78) . Therefore, Myanmar could be considered a key country in terms of regional epidemiology and spread of FMDV, due to the very large ruminant population and their significant export flow into the MTM peninsula. 
Discussion
The globalisation of livestock trade offers many benefits and economic opportunities, but also represents a constant and increasing threat for the persistence and spread of devastating transboundary disease outbreaks (17) . Enhanced global livestock production has been driven by the increased demand for animal protein by a growing world population and by access of more countries to lucrative livestock markets. Economic development itself facilitates FMD control and consequent improved access to export markets. At global and regional levels, the movements of livestock and their products, on many different scales, are immensely complex. This increases the risks for the spread of infections, and the probability that all countries may eventually be exposed to the introduction and spread of exotic epidemic diseases. Theoretically, real-time evaluation of changing trade practices should be a useful tool to predict disease emergence, but it is not often achieved and requires further development.
Changes in livestock keeping also impact upon the risk of viral spread and diversification; for example, in developing countries, where industries are being transformed by the implementation of more intensive farming units overlaid on top of the traditional small-scale system (i.e. pastoralist and smallholder production present in sub-Saharan Africa and Southeast Asia). Furthermore, such changes often outpace improvements in the animal health institutions required for effective disease control within complex ecosystems.
Genetic characterisation of FMDV has revealed that particular serotypes and strains of the virus occur and evolve in specific ecosystems, with periodic extensions of range of either short or long duration (55) . This implies the existence of relative barriers to the spread of the virus; most likely trade-related barriers, although other factors may affect the establishment of endemicity. Molecular epidemiology, with its power to resolve transmission pathways, has contributed enormously to our understanding of spatial and evolutionary traits underlying FMD outbreaks. However, phylogenetic analyses on their own do not directly reveal the mechanisms of local and regional spread and taxonomic relationships do not entirely explain the dynamics of FMD. Additionally, the resolving power of the sequence data is affected by the length of the determined genome sequence, e.g. full genome sequences offer greater resolution for outbreak tracing than VP1 alone. The possibility of genetic recombination within and among FMDV serotypes also needs to be taken into account, since this may be a mechanism for generating novel virus strains with altered phenotypic characteristics. Certainly, FMD epidemics involving large host populations would be expected to provide ideal conditions for the occurrence and amplification of evolutionary shift and for recombination between virus strains (18).
This paper is intended to be an initial and largely descriptive attempt at matching the available information on livestock movement and trade patterns with molecular genotyping data, to provide a synopsis of the risk factors and mechanisms involved in the epidemiological dynamics of FMDV dispersal across regions.
In the last ten years, much research has focused on understanding epidemic pathways in normally disease-free countries (for example, the outbreaks that occurred in the UK in 2001 and 2007) and using a combination of conventional and molecular epidemiological approaches (14) . Less effort has been directed towards assessing the interplay between ecosystem conditions and the more complicated FMD dynamics within endemic settings. This review has therefore targeted three important regions of FMDV endemicity, namely sub-Saharan Africa, the Middle East and Southeast Asia. The principal aim has been to review the availability of complementary phylogenetic and trade data and to draw out obvious inferences, but no quantitative analysis has been attempted. In sub-Saharan Africa, the complex interplay between local and distant animal movements and the persistence and spread of FMDV is least well studied and understood. Additional uncertainty surrounds the role of wildlife as a reservoir for infection of domestic species.
Despite efforts to link and reinforce laboratory activities through the formation of FMD reference laboratory networks, only incomplete data are available for phylogenetic studies in many endemic areas, due to insufficient sampling and poor spatial and demographic meta-data. In addition, there are extremely limited data on livestock networks to explain the established phylogenetic patterns. This knowledge gap represents a significant constraint in understanding the dynamics of FMDV spread. An important requirement is to establish how epidemic and metapopulation disease dynamics modulate selective forces to drive long-term phylogenetic patterns. Bayesian phylogeography offers a promising approach to incorporate the spatial and temporal dynamics of gene flow and provide a biogeographical perspective (43) . It could contribute significantly to evolutionary hypothesis testing, focusing not only on viral phylodynamics but also on molecular evolution (31).
To achieve this objective, a comprehensive approach is needed to monitor and predict the impact of livestock movements and trade patterns on the dispersal of FMDV. This requires both field and genetic data collection at the levels of both individual hosts and populations. The systematic collection of this information should be a priority for research, as elucidating the phylodynamics of FMD epidemics has important implications for public health management and disease control. Additional studies employing whole genome sequencing are also warranted, not only to improve the resolution of tracing, but also to reveal the occurrence and impact of recombination between FMD viruses in relation to the emergence of new strains.
Sustained and coordinated responses across political boundaries are necessary to control inter-and intraregional FMD dispersal. The FAO is predicting the need for a 50% increase in global food production by 2030 to sustain the expected growth in human population. Since most of this production will have to be met by developing countries, the control of FMD is a key issue for global food security. The identification of critical control points for livestock movements and risk pathways of FMDV spread is a key prerequisite for intervention strategies contributing to progressive pathways for the worldwide control of FMD. 
Résumé
Le commerce international d'animaux et de leurs produits est l'un des principaux facteurs déterminant l'épidémiologie des maladies transfrontalières telles que la fièvre aphteuse à l'échelle mondiale. Outre les pertes de productivité qu'elle induit, la fièvre aphteuse est extrêmement contagieuse, ayant plusieurs hôtes et diverses voies de transmission, ce qui en fait l'une des maladies les plus importantes affectant le commerce du bétail. L'apparition de la fièvre aphteuse dans un pays précédemment indemne a des conséquences catastrophiques sur l'économie agricole nationale ; dans les pays en développement où elle sévit à l'état endémique, la fièvre aphteuse représente une menace pour la subsistance et les revenus des éleveurs. Les inférences phylogénétiques à partir des séquences moléculaires des virus isolés s'avèrent très utiles pour déterminer la dynamique de la propagation du virus de la fièvre aphteuse dans le globe et contribuent à élucider les voies évolutives et spatiales intervenant dans les épidémies de fièvre aphteuse. La recherche de correspondances entre les déplacements du bétail et l'épidémiologie moléculaire fournit des éléments de compréhension qui permettent de retracer le chemin de propagation du virus sur plusieurs régions géographiques, condition fondamentale pour mettre en place des stratégies efficaces de lutte contre la fièvre aphteuse dans le monde. Les auteurs font le point sur l'évolution de la fièvre aphteuse dans le monde depuis dix ans, et examinent les découvertes phylogénétiques ainsi que l'information disponible sur les systèmes de production animale et sur les échanges internationaux pour analyser la dynamique épidémiologique de la fièvre aphteuse et les sources d'introduction du virus au niveau régional, en Afrique subsaharienne, au Moyen-Orient et en Asie du Sud-Est.
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Uso combinado de la filogenética y la distribución del comercio ganadero para entender mejor la propagación de la fiebre aftosa en el África subsahariana, Oriente Medio y el Sudeste asiático
A. Di Nardo, N.J. Knowles & D.J. Paton
Resumen
Es bien sabido que el comercio internacional de animales y productos de origen animal es uno de los principales factores que determinan la epidemiología mundial de las enfermedades transfronterizas, tales como la fiebre aftosa. Además de las graves pérdidas que causa en la producción, la fiebre aftosa es muy contagiosa, ya que se transmite a través de muy diversos huéspedes y vías de transmisión, lo que hace que sea una de las más importantes enfermedades que afectan al comercio de ganado. Su aparición en un país hasta entonces libre de ella entraña consecuencias dramáticas para la economía agrícola. No menos graves son sus efectos sobre los medios de subsistencia y los ingresos de los países en desarrollo donde la enfermedad aún es endémica. En la dinámica de la propagación planetaria del virus de la fiebre aftosa, las inferencias filogenéticas a partir de las secuencias moleculares de cepas aisladas resultan de gran ayuda para investigar las rutas evolutivas y espaciales que subyacen a los focos epidémicos de la enfermedad. Al cotejar la epidemiología molecular con datos sobre el movimiento de los ganados se abren pistas esclarecedoras para reconstruir la propagación del virus entre regiones geográficas, lo cual es requisito previo para definir estrategias de lucha contra la fiebre aftosa a escala mundial. Los autores pasan revista a la situación de la fiebre aftosa en el mundo durante el último decenio, combinando información filogenética con datos sobre los sistemas de producción ganadera y el comercio internacional para analizar así la dinámica epidemiológica de la enfermedad y los focos de introducción del virus en las regiones del África subsahariana, Oriente Medio y el Sudeste asiático.
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